Chronic Obstructive Pulmonary Disease (COPD) is a complex heterogeneous condition with various clinical and pathologic features. In recent years, technical advances in quantitative CT imaging have generated considerable interest because they can provide a more precise and objective assessment of COPD. Emphysema and small-airway disease, the two major components of COPD, and other comorbidities, including pulmonary vessel alterations, atherosclerosis, cachexia, and osteoporosis, can all be assessed by means of quantitative imaging parameters. Increasing numbers of studies provide promising reports indicating that such parameters are associated with clinical measures of disease severity, respiratory symptoms, COPD exacerbations, and mortality. Despite such optimistic results, there are still many obstacles to using this quantitative technology in everyday practice to manage COPD patients. In this article, we review the current technical status of quantitative CT assessment, emphasizing its clinical implications and limitations. We also discuss present challenges and the potential future role of quantitative CT imaging in assessing COPD.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is defined as a common preventable and treatable disease characterized by persistent airflow limitation, which is usually progressive, and is associated with enhanced chronic inflammatory responses in the airways and lung (1) . COPD is a major cause of morbidity and mortality in the general population, and the WHO estimates that it will become the third leading cause of death worldwide (2) . It is a heterogeneous and complex condition, with a wide va- with endogenous disease pathogenesis will likely have significant implications on disease management and understanding of the disease process. Chest CT is the most commonly used imaging modality; it is essentially non-invasive and provides information regarding the structural and underlying pathophysiologic changes in the COPD patient. CT scans allow in vivo visual analysis of morphologic characteristics and the distribution of both emphysema and small airway disease, the two main components of COPD. However, qualitative visual CT assessment, which has been the mainstream method for acquiring information from CT scans, is prone to inter-reader, and sometimes even intra-reader, variability, limiting its application in broad clinical and experimental settings (4) . Therefore, the need for more objective CT-based measures has grown significantly over the past decade. In this context, recent technical advances in quantitative CT imaging methods are of considerable interest for their ability to provide more precise and reproducible estimates of the severity and distribution of emphysema and airway disease (5) . In the early days, research on the quantification of CT in COPD was weighted towards quantification of emphysema. However, there have recently been an increasing number of publications targeting the airway component of COPD, and these can be further divided into direct airway parameter measurements and quantification of air trapping as the functional manifestation of small airway disease. In this review, we briefly address previous studies on COPD quantification, highlight the current concepts, and discuss the future direction of quantified CT imaging.
EMPHYSEMA QUANTIFICATION
Pulmonary emphysema, defined as an abnormal irreversible dilatation of air spaces and destruction of airway walls distal to terminal bronchioles, is a major finding in COPD. Due to the increased proportion of air compared with normal lung parenchyma, emphysema appears as a region of relatively lower CT attenuation, expressed as lower Hounsfield units (HU). The density mask method, first introduced in 1988, quantifies emphysema by calculating the voxels that are lower than a certain HU threshold, referring to such voxel regions as low attenuation areas (LAA) (6) . The HU threshold of -910 was initially proposed in 1988 and various different threshold values have been tested afterwards. In 2006, Madani et al. (7) has shown the optimal HU threshold to be -960 HU or -970 HU according to macroscopic and microscopic pathologic correlations. However, because higher threshold values result in higher sensitivity to image noise, the most commonly accepted threshold value is -950 HU (8) , with the percentage area of lung less than -950 HU (the emphysema index, or %LAA-950) being widely used to estimate the emphysema component in COPD patients (Fig. 1A, B ) (9) .
An alternative approach, based on the frequency histogram of lung attenuation, calculates the lung parenchymal HU at a given percentile along the histogram. This value is called the "percentile index, " and validation with pathologic specimens has shown that the optimal threshold is the first percentile (7) .
However, because of concerns regarding increased image artifacts and noise at the first percentile level, the 15th percentile threshold is most commonly used (8, 10) . The percentile index has been reported to be more robust for evaluating longitudinal variations in emphysema, and as being less sensitive to lung volume changes (8, 11 ).
An innate limitation of CT histogram measurement approaches is that they do not take into account the heteroge- sures of visual CT assessment (15) . In patients with α1-antitrypsin deficiency, density-based emphysema measurement has shown a superior accuracy in detecting worsening of emphysema, and therefore has been accepted as the effective diagnostic method for detecting disease progression (16) . The CT density mask method was found to have an association with COPD mortality, and is reported to be a stronger predictive parameter for cardiac and respiratory mortality than global initiative for chronic obstructive lung disease (GOLD) staging (17, 18) . Patients with greater quantitative measures of emphysema were reported to have more rapid decline of PFT parameters (19) . Furthermore, quantified measures of emphysema showed associations with frequent exacerbation and worse clinical outcomes from exacerbation events (20) (21) (22) . When the heterogeneity of emphysema assessed using quantitative CT was taken into account, the basal distribution of emphysema was associated with greater impairment in forced expiratory volume in 1 second (FEV1), with central areas of emphysema showing a stronger correlation with airflow limitation than those in the periphery of the lung (23, 24) . In one report, the quantitatively measured heterogeneity of emphysema distribution was associated with a decrease in FEV1 and FEV1/forced vital capacity (FVC) (25) . When com- pared with the %LAA-950 value obtained from the whole lung, histogram-based measures of different patterns of emphysema involvement were more predictive of measures of PFT results, severity of dyspnea, and quality of life (26) . Additionally, the regional distribution of emphysema has been shown to be clinically important in selecting optimal candidates for lung volume reduction surgery (27) .
AIRWAY DISEASE: DIRECT MEASUREMENT
Small airway remodeling is an important factor in COPD, and is known to be the strongest determinant of airflow limitation. A small airway is defined as an airway with an internal diameter smaller than 2 mm, and because of the limited spatial resolution of even the most up-to-date CT scanners, the accurate direct measurement of small airway dimensions has proven to be a great challenge. Current quantitative CT techniques allow three dimensional reconstruction of the airways and adequate non-invasive measurement of segmental and sub-segmental airways, which are "large airways" by definition ( Fig. 2A ). However, a previous report showed that changes in large airways reflect changes in small airways on pathologic examination, and the measured CT parameters of large airways correlated with PFT results (28) . Additionally, the measured CT parameters of more distal airways showed stronger correlations with spirometry (29) . Therefore, it may be of value to obtain quantified airway parameters from measurable large airways on CT of COPD patients (Fig. 2B ).
The most widely used methodology for obtaining quantitative airway measurements is the "full-width half-maximum (FWHM)" method. This uses projecting linear rays from the airway center to determine the inner and outer margin of the airway wall, using an HU threshold for differentiating the wall from Increased bronchial wall thickness and WA% is reported to be correlated with deterioration of FEV1, and this correlation is reported to be stronger with more distal airways (29, 31, 32, 36) .
Also, in subjects with a comparatively low emphysema component, quantitative CT measurements of airways showed stronger correlations with physiologic indices (37) . Airway parameters also correlated with functional markers and exercise capacity of COPD patients (9, 38) . It is hypothesized that increased bronchial wall thickness may be closely related to inflammation of the airway, and thus may have an association with aggravated symptoms of bronchitis or exacerbations. Accordingly, increased quantitative parameters of airway wall thickness were related to an increased frequency of, and mortality from, COPD exacerbations (20, 21) . However, compared with emphysema quantification, there are still many technical difficulties and uncertainties regarding measurements of airway changes in COPD patients, and further investigation is warranted.
AIRWAY DISEASE: AIR TRAPPING MEASUREMENT
As previously mentioned, airways with a diameter less than 2 mm are the major sites of airflow obstruction, and small airway narrowing is known to occur in early stages of COPD, before major emphysematous changes occur (39) . Small airway wall remodeling is known to be the most dominant factor for the air-the surrounding lung parenchyma (Fig. 3A ). It is a simple and straightforward method that has been incorporated into various commercially available software, but the risk of overestimation of wall parameters is a well-known limitation, which becomes more obvious as the measured airway becomes smaller in size (30) . A variety of other algorithms have been developed and tested, including a threshold-based method that showed better correlation with PFT than the FWHM method (31) One of the earliest and simplest ways to estimate air trapping using chest CT is to evaluate the percentage of low attenuation area at a threshold of -856 HU or -850 HU. The threshold is chosen because it is known to be the attenuation of normally inflated inspiratory lung, with the concept being that healthy expiratory lung should show higher attenuation than this value.
Using this relatively straightforward method, several researchers have reported high correlations with spirometry results, including FEV1/FVC and FEV1 percent predicted (3, 40) . Other methods for measuring air trapping have been addressed, using information from both inspiratory and expiratory CT, including the ratio of inspiratory to expiratory lung volume and the expiratory to inspiratory ratio of mean lung density.
However, the above methods have an innate limitation, in that it is impossible to separate trapped air from emphysematous lung or obstructed small airways. One method developed to quantify air trapping outside the emphysematous area is measurement of the relative volume change between -860 HU and -950 HU (41) . This method excludes the emphysema portion of all voxels with attenuation lower than -950 HU from the inspiration and expiration scans, and calculates for the whole lung the relative volumes with attenuation values less than -860 HU on each inspiratory and expiratory CT. Results from this method revealed strong associations with physiologic parameters of gas trapping; however, this method was limited by the fact that pixel-by-pixel matching of inspiratory and expiratory scans was not performed.
To overcome such a limitation, a new quantitative method called parametric response mapping has recently been developed; this involves pixel-by-pixel co-registration of inspiratory and expiratory CT scans so that a more exact comparison can be show an increased correlation with PFT results (42) . Another method, called air trapping index (ATI), relies on the HU difference of each of the image voxels detected on co-registered inspiratory and expiratory CT scans ( Fig. 4) (43, 44) . Unlike other methods, both parametric response mapping and ATI methods allow additional assessment of the regional heterogeneous distribution of air trapping.
Quantified parameters of air trapping were found to be associated with changes in FEV1 and other clinical parameters, and with aggravating GOLD classification (41, 45) . Additionally, results from paired evaluations of inspiratory and expiratory CT images revealed that they were stronger predictors of spirometry results than the use of just the expiratory scan (46) . Quantitatively measured air trapping parameters in a large cohort study were associated with FEV1 deterioration, which was notably prominent in patients with a lesser severity of COPD (47) . Although air trapping parameters provide assessment of only the consequence of pathological airway changes, such techniques contribute to the characterization of disease phenotypes, and considerable research is ongoing.
OTHER COMPONENTS OF COPD
Pulmonary vascular change is a prevalent feature of COPD and is reported to be a strong predictor of mortality. However, the actual pathogenesis of pulmonary vascular changes in COPD is still a vastly unknown territory, and new quantitative CT methods are being developed to better understand the relationship between vascular changes and other components of COPD. The pulmonary artery diameter and the ratio of the pulmonary artery diameter to aorta diameter were associated with pulmonary artery pressure and increased exacerbation rates (48) . When the cross sectional area (CSA) of the pulmonary arteries was measured using quantitative volumetric CT, total CSA showed a strong correlation with the severity of emphysema, and a significant but lesser degree of correlation with air trapping in COPD patients (49) . Using a technique to automatically segment pulmonary vasculature and measure the total blood volume, pruning of distal arteries was suggested as an early change in smoking-related COPD, with the extent of emphysema hav-ing a negative relationship with total pulmonary blood volume (50) . The clinical significance of these findings still needs to be clarified, and continued investigation is much needed.
Ischemic heart disease is a common comorbidity in COPD.
Patients with COPD are prone to more frequent and more fatal myocardial infarctions, even after adjusting for common risk factors such as smoking status and old age (51) . Furthermore, reduced FEV1 has been reported to be an increased risk factor for cardiovascular mortality (52) . The quantitative measurement of coronary artery calcium (CAC) is an accurate and non-invasive parameter of coronary artery atherosclerosis. A high CAC score is reported to be an independent predictor of future cardiovascular events, and COPD patients were found to have higher CAC scores and increased cardiovascular mortality (53) . In addition, calcium score used as a measurement of the degree of systemic atherosclerosis was reported to have a weak but significant correlation with the volume fraction of emphysema on quantitative CT, FEV1/FVC, and diffusion capacity, with these correlations being independent of age, body mass index (BMI), and smoking amount (54) . The present GOLD strategy does not recommend routine use of CT scanning in COPD, and only advises that it may be helpful in excluding differential diagnosis or when surgical options, such as lung volume reduction surgery, are being considered. This is largely because of a relative lack of evidence that informa- 
